Abstract. The present study aimed to explore the influence of T790M neighboring single nucleotide polymorphism (SNP) on the sensitivity of amplification refractory mutation system (ARMS)-based T790M mutation assay. Three ARMS-quantitative polymerase chain reaction (qPCR) systems (system 1 had a forward ARMS primer without rs1050171, system 2 included a forward ARMS primer with rs1050171 and system 3 contained the above two forward ARMS primers) were used to detect the T790M mutation in two series plasmid samples and genomic DNA (gDNA) of the cell line H1975. A total of 670 formalin-fixed paraffin-embedded (FFPE) tumor samples from non-small cell lung cancer patients were used to detect the epidermal growth factor receptor (EGFR) gene T790M mutation by direct sequencing and ARMS-qPCR. The ARMS-qPCR system 1 effectively detected samples with as low as 1% T790M mutant plasmid 1 (without rs1050171) and with 50% T790M mutant plasmid 2 (with rs1050171), while the ARMS-qPCR system 2 detected samples with 20 and 50% T790M mutant plasmid 1, in addition to samples with 1% T790M mutant plasmid 2. For the ARMS-qPCR system 3, samples with as low as 1% T790M mutant plasmids 1 or 2 were effectively detected. For gDNA analysis of the cell line H1975, the T790M mutation was effectively detected by the ARMS-qPCR systems 2 and 3 (~50% mutation rate), but was detected with a low mutation abundance by the ARMS-qPCR system 1 (~1% mutation rate). Of the 670 FFPE samples, 5 cases were identified to have the T790M mutation by sequencing and by the ARMS-qPCR system 1. One sample (named N067), which was considered as T790M-negative by sequencing, was demonstrated to have the T790M mutation using the ARMS-qPCR system 1. Sample N094, which was variant homozygous for rs1050171 and was indicated to be T790M-negative by sequencing and by the ARMS-qPCR system 1, was identified to have the T790M mutation with the ARMS-qPCR system 3. The A-variant allele frequency of rs1050171 was observed to be 28.2% in the 670 FFPE tumor samples, while the presence of rs148188503 (c. C2355T, p. T785T) was observed in sample N558, and a novel SNP with a base substitution (c. T2375C) at position 792 (p. L792P) in exon 20 of the EGFR gene was observed in sample N310. rs1050171 is a high-frequency SNP located near T790M, and the mutation statuses of rs1050171 appear to influence the sensitivity of the ARMS-based T790M detection system, thus generating a 14.3% false-negative rate (1/7). The present study proposes the risk that target neighboring SNPs (as far as 8 bp away in the present study) may exert on the sensitivity of ARMS-based detection methods.
Introduction
The use of reversible epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs), including gefitinib and erlotinib, which function by competitively binding at the adenosine triphosphate-binding cleft of the receptor kinase domain of EGFR and consequently blocking the kinase activation and subsequent downstream signal transduction processes, produces secondary resistance in the majority of lung cancer patients (1) . Previous studies have demonstrated that the majority of the acquired resistance is due to the EGFR T790M mutation (2) (3) (4) (5) (6) . Second-generation irreversible EGFR TKIs, including BIBW2992 (afatinib) and PF-002999804, were developed to solve the drug resistance problem, but did not yield the desired results due to their narrow therapeutic window (7) (8) (9) . The third-generation T790M specific inhibitors, mainly AZD9291 and CO-1686, are currently under clinical trials in patients with acquired resistance (7, 8) .
Formalin-fixed paraffin-embedded (FFPE) samples have been widely recognized as common clinical materials for EGFR mutation detection, in which DNA may be partially degraded (10) . EGFR mutation is a heterogeneous somatic mutation whose abundance may vary widely (11) . Therefore, it is important to select a highly sensitive detection method for these low quality DNA samples and for those with low mutation abundances.
The EGFR T790M mutation may originate from small subclonal populations in the primary tumor, and may become dominant later on during EGFR-TKIs treatment (12) . Early detection of the T790M mutation is of significance to aid the clinician to adjust the treatment timely, so that the patient can obtain the most effective therapy while reducing drug cost and waste. To date, the amplification refractory mutation system (ARMS) has been widely used in clinical gene mutation detection, including EGFR, KRAS, BRAF and phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha (PIK3CA), due to its high sensitivity (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) .
The cell line H1975 is EGFR T790M-positive (~50% mutation rate), but in our attempt to develop a T790M ARMS-based quantitative polymerase chain reaction (qPCR) method, the cell line H1975 was detected as T790M-positive with low mutation abundance (~1% mutation rate) using the ARMS-qPCR method (referred to as the ARMS-qPCR system 1), which was validated as having a detection limit of 1% in our preliminary study. The ARMS-qPCR method combines the ARMS primer and a unique fluorescent probe molecule, with the mutant allele selectively amplified by ARMS, and the amplified PCR product sensitively and specifically detected by the fluorescent probe system (24) . Subsequent sequencing data revealed that the cell line H1975 is also a variant homozygous for rs1050171 (also designated as c. G2361A or p. Q787Q). We hypothesized that rs1050171 may affect the sensitivity of the ARMS method, thereby producing false-negative results. By searching the National Center for Biotechnology Information (NCBI) single nucleotide polymorphism (SNP) database, numerous T790M neighboring SNPs were identified, which were located within the ARMS primer design range (http://www.ncbi.nlm.nih. gov/projects/SNP/snp_ref.cgi?rs=121434569). The majority of them had no frequency data, with the exception of rs1050171, which has a high variant allele mutation rate (16.2%) in the Chinese population. These SNPs may influence the detection sensitivity of the ARMS-based T790M mutation detection assay, thus carrying the risk of wrong interpretation.
Since the sensitive detection of the T790M mutation is very important for the individualized therapy of non-small cell lung cancer (NSCLC) patients (25) , any factors affecting the sensitivity of the detection method should be a matter of concern. The present study aimed to investigate whether rs1050171 affects the detection sensitivity of the ARMS-based T790M mutation assay, as well as to determine the frequency of rs1050171 in NSCLC patients, and to identify the frequency of any other SNPs possibly neighboring T790M in NSCLC patients. Development of three T790M ARMS-qPCR systems. The T790M ARMS-qPCR system 1 contained a forward ARMS primer (named T790M-F1, without rs1050171) designed with a mismatch at the penultimate nucleotide position of the mutation site to specifically amplify the T790M mutant allele, a reverse primer and a minor groove binder probe labeled with the fluorescein amidite (FAM) fluorescent dye. In the T790M ARMS-qPCR system 2, the primer T790M-F1 was replaced by T790M-F2 (with rs1050171). In the T790M ARMS-qPCR system 3, both T790M-F1 and T790M-F2 primers were included. A reference (RF) reaction system was designed in the EGFR gene to measure the quantity of both T790M-negative and T790M mutant alleles, so that the ratio of mutant to wild-type sequence could be measured. The primers and probes were synthesized by Invitrogen (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and Applied Biosystems (Thermo Fisher Scientific, Inc.), respectively. The 5X PCR buffer, deoxynucleotides and Taq polymerase were purchased from Takara Bio Inc. (Otsu, Japan). The primers and probes are listed in Table I , and the schematic diagram of the three T790M ARMS-PCR systems is represented in Fig. 1 . The reactions were performed in 25-µl volumes containing 5 µl 5X PCR buffer, 200 µM dNTPs, 1 µl forward and reverse primers (10 µM each), 1 µl probe (5 µM), 2 µl template DNA (adjusted to 10 ng/µl) and 0.1 µl Taq polymerase (5 U/µl). qPCR was conducted using a 7500 Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.) under the following conditions: Initial denaturation at 95˚C for 5 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min, with fluorescence FAM reading at 60˚C of each cycle. The quantification cycle (Cq) represents the threshold at which the signal was detected above the background fluorescence (25) . The ΔCq value was calculated as the difference between the T790M mutation Cq and the RF Cq.
Materials and methods

Cell
Comparison of the three ARMS-qPCR systems to detect T790M mutation in mixed samples with or without rs1050171
and in the cell line H1975. The T790M mutant plasmid 1 (without rs1050171) was developed and quantified according to Zhang et al (25) . The T790M mutant plasmid 2 (with rs1050171) was developed as follows: A DNA fragment containing the T790M mutation and rs1050171 was amplified from the genomic DNA (gDNA) of the cell line H1975 using primers T790M-F2 and T790M-R. The PCR cycling conditions were 94˚C for 5 min; followed by 40 cycles at 94˚C for 30 sec, 55˚C for 30 sec and 72˚C for 1 min; and a final extension at 72˚C for 10 min. The PCR product was then ligated into the pEASY-T1 vector (Beijing TransGen Biotech Co., Ltd., Beijing, China), and DNA sequencing was used to verify the accuracy of the fragment. Different amounts of T790M mutant plasmids 1 or 2 were mixed with 20 ng wild-type EGFR HT29 gDNA to yield 1, 2, 5, 10, 20 and 50% mutation rates, respectively. The two series mixed samples and the gDNA of the cell line H1975 were used to explore the sensitivity of the three ARMS-qPCR systems, and the detection results were compared to assess the influence of rs1050171 on the effective detection of T790M.
FFPE tumor samples from NSCLC patients.
A total of 670 FFPE tumor samples (numbered as N001-N670) obtained from NSCLC patients between January 2013 and December 2014 were collected from Tongji Hospital (Wuhan, China), of which, 419 (62.6%) cases were males and 250 (37.4%) cases were females. The quantity of tumor cells in all samples was >50%, as confirmed by two skilled pathologists. The study was approved by Clinical Trial Ethics Committee of Huazhong University of Science and Technology (Wuhan, China), and written informed consent was obtained from all patients. gDNA was extracted using the QIAamp DNA FFPE Tissue kit (cat. no. 56404; Qiagen GmbH, Hilden, Germany), and was quantified by the measurement of optical density (OD) at 260 nm using a NanoDrop 2000 spectrophotometer (NanoDrop Technologies; Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA). The gDNA purity was evaluated by the measurement of the OD260/OD280 ratio (all gDNA samples measured between 1.90 and 1.98). The T790M mutation statuses of all the 670 FFPE samples were detected by sequencing and with the ARMS-qPCR system 1. For samples with T790M mutation detected by the ARMS-qPCR system 1, or for samples with T790M amplification but whose ΔCq values were above the cut-off value of 7 and were homozygous mutant genotype of rs1050171, the ARMS-qPCR system 3 was used instead to detect the T790M mutation.
EGFR exon 20 sequencing. EGFR exon 20 sequencing was performed by Beijing Genomics Institute (Shenzhen, China), and the results were analyzed by alignment with the wild-type sequence. The T790M 30-bp 5' near sequence and the 30-bp 3' near sequence were also analyzed to evaluate the presence of potential SNPs, whose frequencies were also calculated.
Results
T790M mutation detection results of the cell line H1975 and the mixed plasmid samples by the three ARMS-qPCR systems.
With a detection limit of 1%, the positive results for the three ARMS-qPCR systems were all defined as having a Cq <36 and a ΔCq lower than the cut-off value of 7.5. According to the sequencing results, the cell line H1975 appears to have the T790M mutation (~50% mutation rate) and has a homozygous mutant genotype of rs1050171 ( Fig. 2A) . The cell line was detected as T790M-positive but with low mutation abundance (~1% mutation rate) by the ARMS-qPCR system 1, and was effectively detected as definite T790M mutation (~50% mutation rate) by the ARMS-qPCR systems 2 and 3, which contain a forward ARMS primer with rs1050171 (Fig. 2B) .
For the two series mixed samples, the ARMS-qPCR system 1 detected samples with 1% T790M mutant plasmid 1 (without rs1050171) and 50% T790M mutant plasmid 2 (with rs1050171) in a background of 20 ng HT29 gDNA ( Fig. 2C and D) . The ARMS-qPCR system 2 detected templates containing 20-50% T790M mutant plasmid 1 and 1% T790M mutant plasmid 2 ( Fig. 2E and F) . For the ARMS-qPCR system 3, samples with as low as 1% T790M mutant plasmids 1 or 2 could be effectively detected ( Fig. 2G  and H) . Since the ARMS-qPCR system 2 exhibited problems in detecting samples with T790M mutation but without rs1050171, this system was not further studied.
Sequencing results of the 670 FFPE samples. For SNP analysis, rs1050171 was detected in numerous cases, and the frequency of the variant-A allele was ≤28.2%, with wild-type genotype accounting for 47.2%, heterozygous genotype for 49.2% and variant homozygous genotype for 3.6%. The sample N558 was observed to be variant homozygous for rs148188503 (c. C2355T), which is a synonymous mutation with a mutation rate of 0.15% ( Fig. 3A) . In the sample N310, a novel SNP with a base substitution (c. T2375C) in the EGFR gene (exon 20, position 792, p. L792P) was observed, which was not included in the SNP database of NCBI (Fig. 3B ). In total, 5 cases (0.75%) appeared to have the T790M mutation. Detailed information regarding the mutation frequencies of T790M neighboring SNPs in the 670 FFPE samples analyzed is presented in Table II .
T790M mutation detection results by the different ARMS-qPCR systems.
Of the 670 cases, 6 cases (0.9%) appeared to have the T790M mutation by the T790M ARMS-qPCR system 1.
Sample N067, which was firstly determined as T790M-negative by sequencing, it was identified to be T790M-positive by the ARMS-qPCR system 1. Of the 19 samples with T790M mutation, or with T790M amplification but with ΔCq values above the cut-off value of 7.5 and which were homozygous mutant genotype of rs1050171, the T790M ARMS-qPCR system 3 was used to detect the T790M mutation. As expected, sample N094 was determined to have the T790M mutation (Fig. 4) . Of the 670 FFPE samples analyzed, 5 cases were detected as having the T790M mutation by sequencing, and 6 cases were identified as having the T790M mutation by the ARMS-qPCR system 1 method. The consistency of the two methods was 99.85% (669/670). Sample N094, which is variant homozygous for rs1050171, was firstly detected as T790M-negative by the T790M ARMS-qPCR system 1, but was confirmed to be T790M-positive by the T790M ARMS-qPCR system 3. Of the 7 FFPE samples with the T790M mutation, 3, 3 and 1 cases were wild-type, heterozygous mutant and homozygous mutant genotypes of rs1050171, respectively. Detailed results of these analyses are presented in Table III .
Comparison of the T790M mutation detection results by different methods and the corresponding rs1050171 mutation
Discussion
Three T790M ARMS-qPCR systems were developed in the present study: i) The ARMS-qPCR system 1 (without rs1050171 in the forward ARMS primer), which effectively detected samples with as low as 1% T790M mutant plasmid 1 (without rs1050171) and with 50% T790M mutant plasmid 2 (with rs1050171); ii) the ARMS-qPCR system 2 (with rs1050171 in the forward ARMS primer), which detected samples with 20-50% T790M mutant plasmid 1 and with 1% T790M mutant plasmid 2; and iii) the ARMS-qPCR system 3 (where the two forward ARMS primers mentioned above were included), which effectively detected samples with as low as 1% T790M mutant plasmids 1 or 2. For the cell line H1975, the ARMS-qPCR system 1 detected the T790M mutation with low abundance (~1% mutation rate), and the ARMS-qPCR systems 2 and 3 effectively detected it with high abundance (~50% mutation rate, consistent with the sequencing results). These results preliminarily indicated that the existence of rs1050171 affects the sensitivity of the ARMS-qPCR system used in the present study. To further confirm this result, 670 FFPE samples from NSCLC patients were used to detect the T790M mutation by sequencing and by the ARMS-qPCR system 1, and partial samples were detected by the ARMS-qPCR system 3. In the 670 FFPE samples, the variant-A allele frequency of rs1050171 was 28.2%, with the wild-type, heterozygous and homozygous mutant genotype accounting for 47.2, 49.2 and 3.6%, respectively. In addition, the results of 669 cases obtained by sequencing and by the ARMS-qPCR system 1 were consistent (99.85%). Sample N067, which was firstly identified as T790M-negative and rs1050171 wild-type by sequencing, was identified as exhibiting the T790M mutation by the ARMS-qPCR systems 1 and 3, thus illustrating the higher sensitivity of the ARMS-qPCR method compared with direct sequencing. Notably, sample N094, which was detected as T790M-negative by sequencing and by the ARMS-qPCR system 1, was determined to have the T790M mutation by the ARMS-qPCR system 3. These results illustrate that rs1050171 actually influences the sensitivity of the ARMS-based T790M mutation detection method, particularly in samples with low abundance of T790M mutation. A large number of patients who are resistant to EGFR-TKIs often harbor a pre-existing T790M EGFR mutation at very low levels within the original tumor population, which leads to resistance following treatment (12) . Screening patients for low levels of T790M EGFR mutation prior to administering EGFR-TKIs treatment may be useful to assess the possibility Table II . Mutation frequencies of T790M neighboring SNPs in 670 formalin-fixed paraffin-embedded samples. Table III . Detection results of various samples with the T790M mutation using different methods. of disease relapse. Furthermore, monitoring the presence of T790M mutation in plasma during EGFR-TKIs treatment may be useful for future clinical decision making. In order to detect these low-level T790M variations in the primary tumor or their progression in plasma, it is important to apply reliable and sensitive mutation detection methods (12) . With a detection limit of 1%, the ARMS method is a sensitive, convenient and economic approach that is widely used in point mutation detection, and any factor affecting the sensitivity of this method should be addressed (24) . According to the SNP database of NCBI, rs1050171 is an SNP with high mutation frequency located 8 bp prior to T790M. Under the influence of rs1050171, the T790M mutation in the gDNA of the cell line H1975 and in the FFPE sample N094 could not be effectively detected in the present study. Of the 670 FFPE samples analyzed, 6 and 7 cases were identified to have the T790M mutation by the ARMS-qPCR system 1 and 3, respectively, and the false-negative rate (1/7) was 14.3%. Considering the significance of early detection of low-abundance T790M mutation, the false-negative rate resulted from rs1050171 should not be underestimated. Among the 7 FFPE samples with the T790M mutation, 3 (3/7, 42.9%), 3 (3/7, 42.9%) and 1 cases (1/7, 14.3%) were wild-type, heterozygous and homozygous mutant genotype of rs1050171, respectively. Of the 316 wild-type, 330 heterozygous and 24 variant homozygous cases for rs1050171, 3 (3/316, 0.95%), 3 (3/330, 0.91%) and 1 (1/24, 4.17%) cases had the T790M mutation, respectively. The T790M mutation rate between the wild-type and the heterozygous genotype of rs1050171, and the frequencies of the wild-type and heterozygous genotypes of rs1050171 in samples with the T790M mutation, are consistent with those of the total cases. The deviation of samples that were variant homozygous for rs1050171 may result from the inadequate cases, since there was only one sample with the T790M mutation that was variant homozygous for rs1050171.
No obvious association appears to exist between the mutation frequencies of T790M and rs1050171.
As for the influence of other two SNPs (rs148188503 and c. T2375C, p. L792P) on the ARMS-based T790M mutation assay, rs148188503 was observed to be located 14 bp prior to T790M, which was farther away from T790M and had a lower mutation rate (0.15%) compared with rs1050171. The novel SNP (c. T2375C, p. L792P) is located 6 bp beyond T790M, which is in the design range of the reverse ARMS primer, and has a low mutation rate (0.15%). Since no high frequency SNPs located beyond T790M were detected in the present study, another possible solution is designing ARMS primers according to the other strand of the template. Further investigation about the influence of these two SNPs on ARMS-based T790M mutation assays is still required.
According to the ARMS principle, the last 3 bp in the 3' end of the ARMS primers are very important for the correct recognition and binding of the primer to the template (26-28). As a (A) The sample N094 was detected as T790M-negative by sequencing, and is homozygous mutant genotype of rs1050171. The nucleotide location of the single nucleotide polymorphism is indicated by the arrows (↓). (B) The sample N094 was identified as T790M-negative by the ARMS-qPCR system 1 (∆Cq value >7.5). (C) The sample N094 was demonstrated to have the T790M mutation by the ARMS-qPCR system 3 (∆Cq value <7.5). RF, reference; ARMS, amplification refractory mutation system; qPCR, quantitative polymerase chain reaction. general rule, the mismatched bases are often designed in the last 3 bp of the ARMS primer to discriminate between the wild-type and the mutant alleles (26) (27) (28) . Notably, in the present study, the rs1050171 was observed to be located in the eighth base from the 3' end of the ARMS primer, and the results revealed that it really affected the sensitivity of T790M mutation detection, particularly in samples with low mutation rates. It is possible that a similar situation may occur in other EGFR mutations and in point mutation in other genes, including KRAS c.34G>T (G12C), BRAF c.1799T>A (V600E) and PIK3CA c.1633G>A (E545K). The present study highlighted the risk associated with the target neighboring SNPs (as far as 8 bp away from T790M mutation site in the current study), which may influence the effective detection of the target site, and should be considered when detecting novel point mutations.
In conclusion, the existence of T790M neighboring rs1050171 (located at 8 bp prior to T790M) reduces the sensitivity of the ARMS-based T790M mutation detection assay and produces a 14.3% false-negative rate. The influence of target neighboring SNPs on the effective detection of the target mutation must be taken into consideration when starting a novel point mutation detection project.
